Crucians ( C'arussius carassius) are well adapted to temporary hypoxia. Apart from their lower metabolic rate, crucians differ from mammals in having significant stores of glycogen in brain tissue. Carbohydrate is the only substrate to yield ATP anaerobically, and, among the different organs of the vertebrate body, brain is most vulnerable to anoxia (for review, see Wegener et al., 1986; Wegener 1988). Therefore, we studied the energy metabolism of crucian brain during hypoxia with special reference to glycogen.
Crucians ( C'arussius carassius) are well adapted to temporary hypoxia. Apart from their lower metabolic rate, crucians differ from mammals in having significant stores of glycogen in brain tissue. Carbohydrate is the only substrate to yield ATP anaerobically, and, among the different organs of the vertebrate body, brain is most vulnerable to anoxia (for review, see Wegener et al., 1986; Wegener 1988) . Therefore, we studied the energy metabolism of crucian brain during hypoxia with special reference to glycogen.
Fish were kept in Plexiglas containers, and Nz was bubbled through the water thus producing anoxia (PO, < 0.6%) saturation) within 50 min. After various periods of hypoxia/anoxia, fish were quickly decapitated and the isolated heads were plunged into liquid nitrogen. Brain was isolated from frozen heads without thawing. Glycogen, energy-rich phosphates and metabolic intermediates were measured using specific enzymic methods.
To assay glycogen phosphorylase, frozen brain was rapidly homogenized in a medium of pH 7.0, containing 2 mM-EDTA to block protein kinase and 20 mM-NaF to block phosphatase activity (cf. Kamp & Wegener, 1985) . Assays containing 1 mM-AMP were regarded to yield the total phosphorylase activity ( V,,,,,,,). Hypoxia/anoxia caused a marked decrease in the content o f glycogen in fish brain and a concomitant increase in the content of lactate. Brain glycogen decreased rapidly in the initial phase of hypoxia/anoxia, from 19.5 f 4.5 pmol of hexose/g of tissue ( t~ = 12) to 5.2 f 1.4 ( t i = 6 ) within 2 h and reached 2.0 +_ I .2 ( n = 6 ) within 7 h of hypoxia/anoxia. During the same period lactate in brain was increased from 1.1 f 0.5 pmol/g of tissue ( t i = 8) in normoxic controls t o 18.6 k 1.3 ( 11 = 4 ) and 29.9 k 3.9 ( n = 4) after 2 and 7 h of hypoxia, respectively.
Glycogen phosphorylase activity was assayed in crude homogenates of brain tissue at 25°C. The total activity ( Vmak,)
as assayed in presence of 1 mM-AMP was 3.28 f 0.26 pmol/ min per g tissue in normoxic controls and did not change significantly during hypoxia. However, only 25% of V,,,;,, could be measured in controls if no AMP was added to the assays. This portion was markedly increased upon hypoxia. Phosphorylase activity without addition of AMP accounted for 56% after 1 h of hypoxia.
To characterize the molecular forms of phosphorylase that are involvcd in the mobilization of brain glycogen in fish, extracts o f brain tissue were subjected to ion-exchange chromatography (DEAE-Sephacel, Pharmacia). The column was eluted with glycerolphosphate and phosphorylase activity was invariably separated into three distinct peaks. This was unexpected as only one isoenzyme had been detected in fish brain by disc electrophoresis on polyacrylamide gels. However, when brain cxtracts that had been incubated for 2 h at 25°C in homogenization medium from which the phosphatase inhibitor NaF had been omitted were chromatographed, all phosphorylase activity appeared in peak 1. Peak 1 was therefore assigned to phosphorylase h. On the other hand, upon incubation of tissue extracts in the presence of 20 mM-NaF, 4 mM-ATP and 16 mM-Mg?+ most of the activity was eluted in peak 3, which consequently was assumed to represent phosphorylase a. The fractions of peak 2, when re-chromatographed on Sephacel, gave rise to a single peak of activity at the same position of the gradient. The outcome was different when, before chromatography, the same fractions were subjected to conditions favouring phosphorylation of glycogen phosphorylase. Incubation for 2 h at 25°C in a medium of pH 7.5, containing phosphorylase kinase from rabbit muscle ( 2 pg/mI), 3 mM-ATP, 12 mMMg2+ and 1 mM-Ca?+ and subsequent chromatography on Sephacel yielded phosphorylase activity only in fractions corresponding to peak 3. From these experiments the second peak was concluded to represent a partially phosphorylated form of phosphorylase.
Gel electrophoresis on polyacrylamide (cf. Wegener et a/., 1987) indicated that all three forms of the enzyme are dimers. Peak 2 must therefore represent phosphodephospho phosphorylase ab (hybrid phosphorylase). Up to now, hybrid phosphorylase has not been unequivocally demonstrated to exist in vivo in intact vertebrates, but it has been produced in vitro using isolated enzyme or ' 1986, 1987) .
The hybrid form ah from fish brain has kinetic properties intermediate between the a and h form (activation by AMP and S,,,, for inorganic phosphate and glycogen).
Hypoxia has a marked influence on the relative proportions of the three forms of phosphorylase in fish brain. Phosphorylase activity from normoxic fish brain was predominantly found in peak 1 ( h form, SO%), 38% appeared in peak 2 (ah form) and only 12% in peak 3 ( a form). After 1 h of hypoxia the corresponding figures were 19%) form h, 3 1%) form ab and 50Y0 form a. The findings indicate hybrid phosphorylase to be present in vivo in fish brain in addition to phosphorylase a and h. Serine is a vital amino acid for cellular metabolism and is synthesized in large amounts (about 1 g/day in the rat) by most tissues of the body (Snell, 1984) . The biosynthetic pathway branches from glycolysis at 3-phosphoglycerate, and proceeds via phosphohydroxypyruvate and phosphoserine to form serine (Snell, 1986) . Unusually, end-product control o f this biosynthetic pathway by serine is exerted at the final step, that catalysed by phosphoserine phosphatase, which has a control coefficient in normal liver of 0.98 (D. A. Fell & K. Snell, unpublished work) . Of the alternative intracellular uses of serine, perhaps the most significant is its role as the major supplier of one-carbon tetrahydrofolate precursors for nucleotide biosynthesis (Rowe et al., 1985) . The direction of serine towards nucleotide formation is effected by serine hydroxymethyltransferase, which catalyses the transfer of C-3 of serine to tetrahydrofolate to form 5,10-methylenetetrahydrofolate, and the formation of glycine. 5,l0-Methylenetetrahydrofolate is the direct carbon donor for thymidylate synthesis (and indirectly for purine synthesis) and glycine contributes both carbon and nitrogen for purine synthesis.
The stimulation of DNA synthesis in resting lymphocytes by mitogens is a useful model system for studying the control of cell replication and the metabolic pathways associated with DNA precursor synthesis (Ling & Kay, 1975) . In the present work, human peripheral blood lymphocytes were isolated in Ficoll-Paque solution (Pharmacia Inc., Hounslow) and were cultured (at about 6 X los cells/ml) at 37°C in 1 ml of RPMI-1640 medium (Gibco Biocult, Uxbridge), containing 20 mM-Hepes buffer, 2 IIIM-Lglutamine, 500 i.u. penicillin and streptomycin/ml, and 10% (w/v) dialysed fetal calf serum. Half the cultures were stimulated with the mitogenic lectin, phytohaemagglutinin, at a final concentration of 5 pg/ml. Non-stimulated cultures served as controls. Cultures were harvested for measurements every 24 h, at which time the remaining cultures were gently aspirated to maintain the cells in suspension. Five hours or two hours before harvesting, cultures were pulsed with 0.7 pCi of ~-[3-'~C]serine (specific activity 56 mCi/ mmol) or 0.5 pCi of ~-[U-'~C]glucose (specific activity 263 mCi/mmol), respectively. Radioactivity incorporated from serine into total nucleic acids was measured as previously described (Eichler et al., 198 1) . Radioactivity incorporated from glucose into (serine + glycine) was determined after separation by t.1.c. of a sonicated cell extract with phenolsaturated water/absolute ethanol/water (1 5:4:1) as the mobile phase. Although the solvent system does not clearly separate serine from glycine, this was not considered a disadvantage since the only known metabolic route for glycine formation from glucose is via serine. Thus, the area of silica removed for scintillation counting encompassed both serine and glycine (as localized using amino acids standards run concurrently). At the time of harvesting, some cultures were assayed for serine hydroxymethyltransferase as described by Snell et al. (1987) .
After mitogenic stimulation of lymphocyte cultures, there was a parallel increase in both serine synthesis from glucose and nucleic acid synthesis from serine (Fig. 1) . Incorporation from [3-14C]serine into nucleic acids was accompanied by a parallel increase in serine hydroxymethyltransferase activity ( Fig. 1 ) and [6-'H]thymidine incorporation into nucleic acids (results not shown). The measured increases of radiolabel incorporation into nucleic acids and serine hydroxymethyl- 
